Uranium-series radiometric dating was performed on two well-pedigreed UF 6 cylinder samples containing highly enriched uranium that were in use at the Portsmouth Gaseous Diffusion Plant between the mid-1970s and mid-1980s. Daughterparent (i.e.
Introduction
Uranium-series radiometric dating is an important tool for establishing a timeline of nuclear material production for nuclear forensics investigations. Determining radiometric ages requires the content of progeny isotopes (i.e. 231 Pa, 230 Th, 227 Ac, 226 Ra) relative to parent isotopes (i.e. 235 U, 234 U) to be measured in the material of interest. In calculating a model age, it is assumed that (1) the material was initially produced free of all progeny isotopes and (2) that the material remained a closed system between the time of its initial production and the time it was analyzed, such that the radioactive decay of the parent isotopes was the only source of the progeny isotopes. Under these model assumptions, a model age of the material can be determined by solving Bateman's equations of radioactive decay [1] using the known decay constants for the U-series isotopes. The determination of multiple model ages using different radiochronometers (daughter-parent or granddaughter-parent pairs) provides a strong test of whether or not the model assumptions hold true for a particular material of unknown origin. There are numerous examples in the literature of different nuclear materials that have been shown to follow the model assumptions of radiometric dating mentioned above for the daughter-parent system (e.g. [2, 3] ) and the granddaughter-parent system (e.g. [4, 5] ). These are important observations because they demonstrate that the assumptions made in radiometric dating of uranium materials are valid in many cases. However, radiometric dating of residual solid material extracted from emptied UF 6 cylinders used for storing and transporting U presents a major technical issue. While most U exists in cylinders as UF 6 , some UF 6 decomposes through radiolysis and hydrolysis to form a solid deposit (e.g. UF 4 , UO 2 F 2 ) that is known as 'heel' material [6] . Unlike UF 6 , the heel material does not sublime upon heating of the cylinder and is therefore not removed from a cylinder when emptied via gas transfer. Although the total amount of U contained in the heel material is relatively minor compared to the total U in the cylinder, it is expected that nearly all of the progeny isotopes produced by the radioactive decay of U are sequestered in the heel material because these elements do not form a volatile hexafluoride compound (Fig. 1) there is elemental fractionation between the parent and progeny isotopes, which nullifies the primary radiometric dating assumption that material has remained a closed system. Furthermore, UF 6 cylinders can be filled, emptied either entirely or partially of the UF 6 , and possibly refilled, which will also act to nullify the assumption of closed system behavior. It is expected that the heel material formed in UF 6 cylinders will contain excess progeny isotopes relative to the content of the parent isotopes which will result in the calculation of an artificially older model age of the heel material than would be expected, assuming the fill date of the cylinder is taken as initial production date of the material (t = 0) and that the UF 6 was free of progeny isotopes when the cylinder was filled. In this study, the application of the granddaughterdaughter radiometric dating of UF 6 
Samples
Two UF 6 cylinders (G-03-0146 and G-03-0291) were selected for analysis in this study. They are both 2S cylinders, which can contain up to * 1.5 kg of highly enriched uranium (HEU) or * 2.2 kg of UF 6 [6] . Both cylinders were initially filled at the Portsmouth Gaseous Diffusion Plant (PORTS) presumably with HEU derived from the Portsmouth cascade, and were used as analytical standards in the Portsmouth Plant Analytical Laboratory (Table 1) . The initial fill dates of the two cylinders are only known approximately from notes taken in Portsmouth Plant Analytical Laboratory log books and from interviews with current and former Portsmouth Plant Analytical Laboratory employees [7] . The fill date of cylinder G-03-0146 was around June 1977 while the fill date of G-03-0291 was around March 1987 ( Table 1 ). The fill dates are estimated from the earliest available documentation of the subsampling and/or analysis of the material by the Portsmouth Plant Analytical Laboratory. The dates of subsampling into Hoke tubes and/or analyses at the Portsmouth Plant Analytical Laboratory are thought to be within a few months from when the cylinders were initially filled [7] ).
Cylinders G-03-0146 and G-03-0291 are from a set of 97 2S cylinders containing PORTS HEU that were sent to Nuclear Fuels Services (NFS) in Erwin, Tennessee to be disposed of by conversion to low enriched uranium. A subset of five cylinders, including G-03-0146 and G-03-0291, were selected for retention, sampling, and analysis by the United States Department of Energy because they were most likely to be representative of the contemporaneously produced PORTS HEU product. Cylinders G-03-0146 and G-03-0291 were shipped from PORTS to NFS and were subsequently emptied of their bulk UF 6 via gas transfer with slight heating. The date on which the UF 6 was removed and the amount of UF 6 removed at NFS is presented in Table 2 . The amount of UF 6 removed from cylinder G-03-0146 was * 10 g, whereas more than 1 kg of UF 6 removed from cylinder G-03-0291. Thus, cylinder G-03-0146 was already nearly empty while cylinder G-03-0291 was approximately half full when received at NFS. The time between the initial fill date at PORTS and final empty date at NFS was * 35 years for cylinder G-03-0146 and * 25 years for cylinder G-03-0291.
After NFS emptied the bulk of the remaining UF 6 , cylinders G-03-0146 and G-03-0291 were shipped to Materials and Chemistry Laboratory, Inc. (MCL; Oak Ridge, Tennessee). The residual UF 6 (* 10 g) contained within the cylinders was removed via gas transfer and stored in smaller P10 tubes for shipping to different laboratories. After fully emptying the cylinders of residual UF 6 cylinder using a circular saw fitted with a diamond blade installed inside a glove box ( Fig. 2; [7] ). After the cylinder was cut into two pieces, the 'loose' heel material was emptied from the cylinder and collected for distribution to different laboratories. The heel material collected at MCL was only what was considered 'loose', meaning that it could easily be poured out of the cylinder half. The inside walls of the cylinders were inspected at MCL for any corrosion products or heel material that was stuck to the inside walls, but no such material was observed in significant quantity [7] . Therefore the 'loose' heel material was the only material recovered by MCL. The amount of loose heel material recovered at MCL was approximately 40 g from each cylinder.
Some of the loose heel material and associated cylinder halves were then shipped to Oak Ridge National Laboratory (ORNL) before finally being shipped to Lawrence Livermore National Laboratory (LLNL) in 2016. Once received at LLNL, the inside walls of cylinders G-03-0146 and G-03-0291 were scraped with a spatula and the material that was released from the walls was collected and termed 'cylinder wall deposits'. Thus, each cylinder e Bottom half of cylinder G-03-0291 after the loose heels were removed but with clearly visible wall deposits still remaining yielded two samples each, one loose heel sample and one wall deposit, for a total of four samples. The samples are labeled G-03-0146-LH, G-03-0146-CWD, G-03-0291-LH, and G-03-0291-CWD, with LH indicating loose heel and CWD indicating cylinder wall deposit. Both material types are fine powders that were easily dispersible. Handling of the solid loose heels and wall deposits was performed inside a disposable glove bag set up within a fume hood at LLNL.
Experimental

Sample digestion
All acids used in this study were ultra-high purity grade (Baseline Analysis of U, Pa, Th, Ac, and Ra
The concentrations of the elements and isotopes of interest in the final solution were determined via isotope dilution multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS). The analytical methods used at LLNL have been extensively documented [2] [3] [4] [5] Ra concentration. After spiking, the samples were sealed and fluxed on a hotplate to reach isotopic equilibrium. All aliquots were then subjected to ion-exchange chromatography to separate and purify the target element(s) from each aliquot. The details of the spike calibrations and chemical separation procedures can be found elsewhere [2] [3] [4] [5] . The purified samples were then analyzed on the Nu Instruments Nu Plasma HR MC-ICP-MS at LLNL following methods presented in Rolison et al. [5] and references therein. Instrumental mass bias and electron multiplier efficiencies were corrected by bracketing sets of three samples with analyses of NBL CRM U010, which is a uranium certified reference material issued by New Brunswick Laboratory. Quality control of the instrumental mass bias and electron multiplier efficiencies corrections was established through the repeated analysis of NBL CRM U005A. Furthermore, multiple NBL uranium certified reference materials were chemically processed and analyzed alongside the UF 6 cylinder samples during the course of the analytical campaign. The NBL CRMs analyzed were CRM 125-A, CRM U050, CRM U100, and CRM U630. Radiometric ages for these NBL CRMs were determined using the 
Results and discussion
The analytical results obtained at LLNL are presented in Tables 3, 4 and 5. Both cylinders contain HEU with [ 90% 235 U and also contain 236 U (Table 3 ). The U isotope composition determined at LLNL for the two cylinders is in agreement with the U isotope composition for these cylinders reported by the Portsmouth Plant Analytical Laboratory. Furthermore, the two sample types, loose heels and cylinder wall deposits, yield identical U isotope composition within the same cylinder. The concentrations of the individual uranium isotopes in the primary dissolution solution range between 10 15 and 10 18 atoms g -1 , and are variable due to different amounts of solid material used for the dissolutions ( (Table 5 ). The precision on each measurement is the combined standard uncertainty (U) with a coverage factor of k = 2. In most cases, the uncertainty in the final concentration is dominated by the uncertainty in the calibration of the isotope dilution tracer which is ultimately limited by the precision assigned to the reference material used to calibrate the tracer. The results obtained for cylinders G-03-0146 and G-03-0291 allow for radiometric model ages to be calculated based on the different ratios of progeny to parent isotopes (Tables 6, 7 (Fig. 3) . It is assumed that when initially filled, the UF 6 cylinders contain only U isotopes and no progeny isotopes. Thus, the U decay series can be modelled using Bateman's equations of radioactive decay [1] without the need to account for the presence of progeny isotopes at t = 0. The radioactive decay constants used to construct the decay models are k 235 = (9.8485 ± 0.0135) 9 10 -10 years (2r), k 234 = (2.8263 ± 0.0056) 9 10 -6 years (2r), Uncertainties represent expanded uncertainties with a coverage factor of k = 2 Uncertainties represent expanded uncertainties with a coverage factor of k = 2 Ra (atoms g (1.076 ± 0.027) 9 10
Journal of Radioanalytical and Nuclear Chemistry (2018) Ra/ 230 Th ratio that is determined by the (1) amount of time that has passed since the U was last purified and (2) whether or not the system has remained closed such that no material (i.e. progeny or parent isotopes) has been added or removed. Two boundary conditions can then be imagined with the first being a closed system where the 234 U is allowed to decay unimpeded which thereby continues to support the decay of ingrown 230 Th which in turn supports the decay of ingrown 226 Ra ( Fig. 3 ; solid line). The second boundary condition is one in which some amount of time passes (i.e. t [ 0) to allow for a small amount of ingrown 230 Th and 226 Ra to accumulate before the bulk of the 234 U is removed from the system. In the model presented here, the U is removed at 0.1 year ( Fig. 3 ; dashed line) but could be modelled as being removed at some infinitesimally small amount of time. It is clear from Fig. 3 Th is no longer supported by the decay of 234 U once all of the U has been removed from the system which results in a significant increase in the 226 Ra/ 230 Th ratio over time compared to a closed system model. Under these boundary conditions, the age of a UF 6 cylinder can be estimated to within a certain range. In the case of sample G-03-0146-LH, the 226 Ra/
230
Th age is between * 30 and 60 years (Fig. 3) .
Since the history of cylinders G-03-0146 and G-03-0291 are reasonably well known, it is possible to constrain the model further (Fig. 4) . It is known that the cylinders were emptied of nearly all of their remaining UF 6 around January 2012 at NFS ( Table 1 ). The 226 Ra/ 230 Th as measured on February 2, 2017 can be decay-corrected to the date on which the cylinders were reportedly emptied by assuming unsupported decay of 230 Th between the time the cylinder was fully emptied and the time the measurements were made. If cylinder G-03-0146 had remained a closed system between the time it was initially filled and the time that it was emptied in 2012, then the decay-corrected 226 Ra/ 230 Th ratio for sample G-03-0146-LH (green circle in Fig. 4) should fall on the 'closed system' line in Fig. 4 . However, it is known that only * 10 g of UF 6 was removed from cylinder G-03-0146 in 2012, indicating that the cylinder must have been essentially emptied prior to 2012. Therefore, it is not expected that the decay-corrected 226 Ra/ 230 Th ratio should fall on the 'closed system' line. As can be seen in Fig. 4 , the decay-corrected 226 Ra/ 230 Th ratio (green circle) does not fall on the 'closed system' line, in agreement with the knowledge that it was emptied prior to 2012. For completeness, the red solid line ('Empty at 35 years') in Fig. 4 demonstrates the trajectory of the 226 Ra/ 230 Th ratio had the cylinder remained closed up until 2012 before being fully emptied. This model of a closed system between the time the cylinder was initially filled in 1977 and when it was emptied in 2012 does not fit the data. The simplest fit of the model to the observed 226 Ra/ 230 Th ratio for sample G-03-0146-LH is found for the cylinder remaining a closed system between its fill date in 1977 and the cylinder being fully emptied in 1995, ca 17.5 years after its initial fill date in 1977 ( Fig. 4; blue dashed line) . A similar model fit is found for sample G-03-0146-CWD (not shown). However, it is known that cylinder G-03-0146 was used as an analytical standard after its initial fill date, and therefore aliquots of UF 6 would have been removed from time to time, thereby affecting the trajectory of the 230 Th ratio could be generated. That is, as long as a model can be generated that passes through the decay-corrected 226 Ra/ 230 Th ratio (green circle in Fig. 4 ), then the model is deemed successful at fitting the observed data. In the case of cylinder G-03-0146, the model demonstrates that the cylinder could not have been fully emptied before 1995, but that it could have been partially emptied over the course of the working lifetime of the cylinder before it was fully emptied at some time between 1995 and 2012.
The conclusions reached with the 234 U-230 Th-226 Ra decay chain can also be drawn from the 235 U-231 Pa-227 Ac decay chain for cylinder G-03-0146 using the same model parameters (Fig. 5) Th ratios determined for sample G-03-0291. The two cylinder wall deposit samples that are in disagreement actually lie outside the boundary conditions of the model which indicate the model assumptions are not being met for these two samples. Such disagreement may indicate that the cylinder was previously used for a different UF 6 material that had a different U isotope composition from the UF 6 that the loose heel material formed from or that there could be elemental fractionation between the progeny isotopes during the formation of corrosive wall deposits. It is unclear as to whether cylinders G-03-0146 and G-03-0291 were new when they were initially filled at PORTS.
Cylinder G-03-0291 was also emptied by NFS in 2012 but at the time of emptying it contained * 1 kg of UF 6 , significantly more than contained in cylinder G-03-0146 (* 10 g) when it was emptied. Due to this, the decaycorrected 226 Ra/ 230 Th ratio (green circle in Fig. 6 ) is much closer to the ratio predicted by a closed system model (black solid line in Fig. 6 ), but it is still not a perfect match. This likely indicates that the cylinder remained nearly full between the time it was filled in 1987 until the time it was emptied in 2012. In the case of cylinder G-03-0291, the data for sample G-03-0291-LH is most simply fit by a model that behaves as a closed system from the initial fill date in 1987 up until it was fully emptied in ca. 2010 (blue dashed line in Fig. 6 ). More likely though is a more complex scenario that allows for the removal of some UF 6 prior to the cylinder being fully emptied in 2012 (* 2.4% of starting amount removed per year; green dashed line Figs. 6, 7). As mentioned above, there is disagreement between the 226 Ra/ 230 Th ratios measured for samples G-03- (Table 7) . Furthermore, the model parameters used to fit model to the measured 226 Ra/ 234 U ratio in sample G-03-0291-LH also provide a satisfactory fit of the model to the measured 227 Ac/ 231 Pa ratios in both samples G-03-0291-LH and G-03-0291-CWD (Fig. 7) , which increases overall confidence in the quality and interpretation of the data.
Conclusions and outlook
It has been demonstrated that the progeny isotopes in the U decay series are preferentially sequestered into the solid heel material that forms inside UF 6 storage cylinders which does not sublimate as UF 6 does. Because the progeny isotopes are preferentially enriched in the solid heel material relative to U, radiometric dating of this material resulted in ages that were unrealistically old based on the 231 can be determined based on boundary conditions imposed on the model. However, the range in the possible age of the cylinders determined in this manner is quite large and thus it is not likely to result in precise fill dates of the cylinders. However, this method could be useful for validating the declared history of cylinders in a verification scenario. For instance, if a cylinder was declared to have been filled and emptied on certain dates, then a model can be constructed for the evolution of the 227 
